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CHAPTER 1. INTRODUCTION 
Planarization technology is one of the key process steps during the 
fabrication of ultra-large scale integrated I very large-scale integrated (ULSINLSI) 
chips in integrated circuit (IC) manufacturing. The chemical mechanical polishing 
(CMP) process has emerged to be the most promising because of its demonstrated 
capability to provide better local and global planarization of wafer surfaces 
(Steigerwald et al., 1997). 
In recent years, CMP has established itself as an enabling technology for the 
next generation of chip wiring, and has become the second fastest growing area of 
semiconductor equipment manufacturing (Stix, 1998). Besides interlayer dielectric 
planarization, CMP has also found applications in shallow trench isolation, 
damascene technologies (e.g., Kaanta, 1991; Kranenberg, 1998), and other novel 
processing techniques such as polishing of SbN4 balls for bearing applications 
(Jiang et al., 1998). 
CMP consists of a chemical process and a mechanical process being 
performed together to reduce height variation across a dielectric region. The 
chemical effects are the chemical reactions between the slurry and the wafer 
surface, which change the solubility and mechanical properties of the wafer surface, 
while mechanical processes are affected by the interface pressure, the rotational 
speed of the pad and the wafer, and viscosity of the slurry (Chen and Lee, 1999). 
The Preston equation (Preston, 1927) summarizes the material removal rate (~RR) 
as 
' 
2 
[1] 
Where, dH/dt is the MRR per unit surface area, Pis the interface pressure, V 
is the relative velocity between the wafer and the polishing pad, and Kp is the 
Preston coefficient. 
A schematic diagram of the CMP process is shown in Figure 1. In general, a 
CMP machine uses orbital, circular and lapping motions. The wafer is held on a 
rotating carrier or wafer carrier, while the face being polished is pressed against a 
polishing pad attached to a rotating platen disk. Then the slurry that flows between 
the wafer and the pad is used as the chemical abrasive. CMP can be carried out on 
metals as well as on oxides. 
Wafer carrier Polishing pad 
---Table 
Figure 1. Illustration of the CMP process. 
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Good wafer planarity, both local and global, is essential for the dimensional 
accuracy required at subsequent lithography stages of wafer manufacture. On a 
global scale, the within wafer non-uniformity (WIWNU) is required to be within 0.2 
µm across a 200 mm wafer. Even tighter tolerances become necessary as the wafer 
size increases and line width decreases (Byrne et al., 1999). 
There are two main concerns when considering global planarity of wafers: 
(1) The edge-ring effect, where sharp variation in removal rate is observed 
near the edge of the wafer, and 
(2) The less severe variation in removal rate from the center to the periphery 
of the wafer. 
For a typical 300 mm (diameter) wafer, a 3 mm wide annular ring along the 
wafer periphery touches about 30% of the chips that represent an annual revenue 
stream of about$ 2.78 per year for a single IC fabrication facility. Thus the issue of 
wafer scale uniformity of the MRR has a significant impact on the yield from a wafer 
and is of critical importance to the IC manufacturing community. 
The propose of this thesis is to improve the wafer yield in CMP process. At 
first the model has been used to predict yield under open loop load control. The 
model is run on an OpenGL programming environment used for graphical simulation 
and a graphical user interface is created using the Rapid Application interface. The 
C++ programming language is used for implementation. This model is supposed to 
help the manufacturer to accurately predict the stopping time. Then, we have 
developed three control strategies to improve the wafer yield. The yields from these 
control strategies are compared against the open loop load control model. 
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Since the aim here is to improve the wafer yield of CMP process, we begin 
with the background of CMP process introduced in chapter 2. In chapter 3, the wafer 
scale model is validated against experimental observations. Simulation results for 
wafer yield under open loop processing conditions are presented in chapter 4. Wafer 
curvature is identified as a key design variable. Chapter 5 presents the control 
schemes to improve wafer yield and the simulation results using the control 
strategies are presented in chapter 6. Chapter 7 is the discussion and conclusion. 
Future work is presented in Chapter 8. 
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CHAPTER 2. BACKGROUND OF CMP PROCESS 
Introducing the mechanics of beam bending, Sivaram et al. (1992) 
investigated wafer scale variations in MRR by modifying Preston's equation via 
varying the contact pressure according to the deflection profile. They, however, 
assume that the section modulus (E*I) for the polishing pad is same or higher than 
that of the platen; which is usually not the case. Runnels and Renteln (1993) focus 
on finite element modeling of the pad deflection and investigated wafer edge effects 
and wafer curvature effects during polishing. They observed that the normal 
pressure was uniform under the wafer except within one millimeter from the wafer 
edge. This does not explain the experimental observations where, a significant 
increase in MRR is observed over several millimeters (around 5 mm) from the edge 
of the wafer. 
In a series of papers, Runnels (1994; 1996), Runnels and Eyman (1994) have 
investigated the phenomenon of material removal in a CMP process at the feather 
scale. They focus primarily on the effects of slurry flow and its associated fluid 
dynamics. Runnels and Eyman have used the steady-state incompressible Navier-
Stoke equation to model the slurry flow at the wafer-polishing pad interface. Their 
model is physically based, but is constructed on idealized geometry. The wafer 
surface is assumed to be smooth and spherical with a large radius of curvature, 
which implies that issues relating to the polishing mechanism and the structure of 
the wafer surface are neglected. The fluid layer thickness and the angle of attack 
between the pad and the wafer are obtained through an iterative procedure 
satisfying force and momentum balance. Motivated by feature scale observations, 
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Runnnels proposes a modification to Preston's equation, where the relative velocity, 
V, is replaced by the tangential stress, or. on the wafer surface. Runnels's modified 
equation may be expressed as 
dH 
- =Ca at dt n [2] 
Where, an and at represent the local normal and the tangential stresses, 
respectively. 
Assuming solid-solid contact, Wang (1997) and Srinivasa-Murthy et al. (1997) 
have also investigated the effects of various process parameters on the degree of 
wafer scale nonuniformity. It has been observed that the Von Mises stress correlates 
with the polishing nonuniformity of CMP improves with decreasing polishing pad 
compressibility. Sasaki et al. (1998) have conducted a detailed finite element 
method (FEM) analysis of the pressure distribution under a wafer, and investigate 
the influences of wafer chamber and retainer ring on the pressure distribution (see 
Figure 2). 
Retainer ring 
t t 
Pressure 
t t t t t t t 
L Wafer J Wafer 
Upper pad Upper pad 
Lower pad Lower pad 
(a) (b) 
Figure 2. FEM model for investigating wafer chamfering (a), and for investigating 
retainer ring (b ). 
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In the present work, the lower pad stiffness (compared to platen) is 
accommodated by treating the wafer pad contact as the indentation of a rigid 
indenter on an elastic half-space (Eamkajornsiri et al., 2001 ). The spatial variation of 
the interface pressure profile is incorporated into the Preston equation to obtain the 
spatial distribution of the MRR. This model accurately reflects the observed 
experimental variations in MRR over se11eral millimeters from the wafer edge. 
The wafer scale model is used as a basis for simulating and controlling 
material removal in the CMP process. The wafer scale model allows the 
investigation of CMP process parameters such as down load, polishing time, pad 
properties, pre-existing wafer curvature etc. on the yield. Therefore model based 
planning and control of the CMP process is possible and can serve as an alternative 
to the trial and error design procedure that is practiced today. 
Three types of control schemes for wafer yield improvement are investigated. 
In the first scheme, the applied download is controlled to improve wafer yield. In the 
second scheme, the wafer curvature is controlled and the applied load is maintained 
as a constant. In the third scheme, both the wafer curvature and the applied load are 
controlled. Simulation results indicate that the control of wafer curvature can 
significantly improve the wafer yield. Curvature control has not been investigated 
and reported in the literature and thus presents a new and promising direction. 
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CHAPTER 3. WAFER SCALE SIMULATION OF CMP PROCESS 
Motivated by the observations that the WIWNU in MRR is primarily caused by 
variations in contact pressure near the edge of a wafer, we first develop an analytical 
expression for the contact pressure distribution at the pad-wafer interface. It is 
assumed that material removal occurs primarily due to solid-solid contact, while the 
hydrodynamic effect is responsible for the slurry distribution. 
Pre-existing wafer curvature is modeled as a quadratic function a2r2. As 
shown in Figure 3, the wafer is subjected to a rigid body displacement of ao due to 
the down load. The displacement field right under the wafer can therefore be 
expressed as 
[3] 
z 
wafer carrier pad 
wafer-pad interface 
Figure 3. Model of pad and wafer contact, a0 is a rigid body displacement of the 
wafer due to the down load and 2a is the wafer diameter. 
Where, r measures the radial distance from the center of the wafer, a0 is the 
vertical displacement of the wafer (depth of penetration) and 2a2 is the wafer 
curvature caused by preexisting wafer bow. Given a fixed down load the vertical 
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displacement a0 may be calculated from elastic indentation analysis. Thus the 
parameter a0 scales with the magnitude of the down load. 
3.1. Model Development 
Considering the friction in the hoop direction only, and neglecting the friction 
in the radial direction, the overall contact problem may be formulated (see Figure 3) 
with the following boundary conditions at z = 0 (the free surface of the pad). 
T zr = 0, (0 :5; r < 00) 
azz = o,(r >a) 
Tze =0,(r>a) 
Uz = f(r) and Tze = µazz,(O::;; r <a) 
Where, f(r) describes the final position of the wafer, Tzr and TzfJ are the shear 
stresses, azz is the normal stress (contact pressure) andµ is the friction coefficient. 
This problem can be decomposed into two cases with a weak coupling 
between them (Gladwell, 1980; Johnson, 1985; Fu and Chandra, 2001; 2002) and 
solved by superposition: 
Case I: Normal indentation without friction 
The Boundary conditions at z = 0 are: 
ri~) = o, (o ::;; r < oo) 
r~) = o, (o ::;; r < oo) 
a~)= o,(r >a) 
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uY) = t(r),(o s rs a) 
Case II: Friction in hoop direction 
The Boundary conditions at z = 0 are: 
r~1 ) = µa ~1), (o s r s a) 
By superposition of case I and case II the final solution to the original problem 
can be obtained as (where k is the order of the polynomial, k = 2 for the present 
case; r is the hyperbolic function and Ft is the hyper geometric function): 
a I - a (1)\ -
ZZ Z=O - ZZ Z=0 -
r(2+k) 
__ 1_._E_ I a (l+k)-al+k. 2 . 
2.Jii 1- v2 k = o k r ( 3; k J 
1 1 F[l. l+k.1-k,r2 ] 
,2 ~l - ,2 2 1 2'--2-'--Y-' a2 
a2 
3.2. Normalized Pressure 
The pressure distribution on the contact area (Fu and Chandra 2000) can be 
expressed as (with k = 2), 
P(r) = K 4a2 r 2 + (a0 -2a2 a2 ) 
(a0 -2a2a2 ~1-(:r 
[4] 
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Where, r is any arbitrary radius, a is the radius of the wafer, and K is a 
constant that depends on the pad properties. This constant is different from Kp the 
Preston coefficient mentioned in Equation 1. 
The normalized pressure is the pressure at any radius divided by the 
pressure at the center of the wafer. The normalized pressure may be obtained by 
setting K = 1 in equation 4. Figure 4 is a plot of the normalized pressure profiles for a 
variety of load (a0) and curvature (a2) values. In Figure 4(a) the curvature is set to -5 
x 10-6 m·1 and the load is varied corresponding to indentation depth (ao) variation 
from 25 nm to 250 nm. For low load, the pressure profiles slope downward, and as 
the load increases the pressure at the edge starts rising. At high loads the increase 
in pressure at the edge is even higher. When the curvature is -8 x 10-5 m·1 the 
pressure profiles slope downwards for even higher loads. The increase in pressure 
at the edge is even less. For a curvature of -10 x 10-6 m·1, the pressure at the edge 
of the wafer is always less than at the center for loads up to 250 nm. For curvatures 
of -15 x 10-5 m·1 and -20 x 1 o-6 m·1 the pressure profiles are downward sloping. In 
Equation 4 if the pressure turns out to be negative it is set to zero. This corresponds 
to loss of contact between the pad and the wafer. In CMP, the pressure profile 
controls the material removal rate. A uniform pressure profile would result in the best 
surface. It is to be noted that the curvature is continuously changing as material is 
removed. The pressure profiles should be chosen such that they are uniform or they 
are compensating in the sense that upward sloping pressure profiles are matched up 
with downward sloping pressure profiles to result in a good wafer surface. 
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Normalized pressure variation a 2 = -8 x 10-e m·1 
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(b) 
Figure 4. Normalized pressure profile curves shown for five values of curvature a2 (x 
10-5 m-1) and several values of indentation depth a0 (nm). 
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Figure 4. (Continued). 
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Figure 4. (Continued). 
Based on the kinematics as depicted in Figure 5, the magnitude of the 
polishing velocity, which is the relative velocity between the pad and the wafer, 
(Chen and Lee 1999) can be written as 
[5] 
• 
Where, fh is the angular velocity of the polishing pad, b1 is the offset distance 
between the axes of the pad and the wafer, r is an arbitrary radius on the wafer and 
kv is the ratio of the angular velocity of the wafer to the angular velocity of the pad. fh 
can be expressed as 
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Figure 5. Kinematics of the CMP process. 
• 
[6] 
Where, 82 is the angular velocity of the wafer, and tis the processing time. 
The MRR per unit area may now be calculated at any point in space and time 
by substituting the instantaneous values of pressure and velocity at a particular 
location in Equation 1. The height removed may be obtained by integrating dH!dt 
over time. 
To compare model predictions against experimental observations, it is first 
assumed that the MRR follows Preston's equation. Thus, MRR (and the residual film 
thickness) at a spatial location is assumed to vary linearly with the contact pressure 
at that location. 
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Figure 6. Comparison of model predicted MRR against experimental observations of 
Srinivasa-Murthy et al. (1997). 
Model predictions for a wafer profile described as a parabola (a2 = 1.97 x 10-7 
mm-1) with indentation depth (a0 = -5.08 x 104 mm), is compared to the experimental 
observations of WIWNU in MRR by Srinivasa-Murthy et al. (1997). Their 
experiments were carried out with a R200T3 carrier film with modulus of elasticity of 
68.95 kPa. A down pressure of 48.26 kPa, platen speed of 28 rpm and carrier speed 
of 32 rpm were used. The slurry used was SS12 and the pad was IC1000/SUBA IV 
(both from Radel Inc.). The wafer was 203.2 mm in diameter (a= 101.6 mm). Figure 
6 shows a comparison of the model prediction with the experimental MRR 
distribution. 
It may be observed that the model predictions compare very well with the 
experimental data. The model predicts an almost constant MRR in the center region 
and a very high MRR at the wafer edge, which are consistent with the experimental 
observations. 
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CHAPTER 4. SIMULATION RESULTS 
Material removal and surface quality in CMP is graphically simulated based 
on equations developed in the previous section on wafer scale modeling. The 
OpenGL programming environment is used for graphical simulation (Neider et al., 
1997). A graphical user interface is created using the Rapid Application interface. 
The C++ programming language is used for implementation. 
The graphical simulation window is comprised of three regions (see Figure 7). 
The first region is for showing graphics. The second region is for entering CMP 
process variables. The third region is the command button zone. These include the 
Velocity Graph button, MRR button, Pressure Profile button, and Wafer Yield button. 
The evolution of the wafer topography and the wafer yield can be visualized using 
the simulation. 
4.1. Yield Visualization based on a control sector 
In this section, we visualize the wafer yield by choosing a certain sector or 
region on the wafer as a control sector. In the simulation, the wafer is specified by 
choosing the wafer diameter, oxide thickness, and oxide amplitude variation. A 
rectangular grid with length and width values is used to divide the wafer into small 
rectangular regions (sectors). One of these sectors is then picked as a critical sector 
where the surface quality specifications have to be satisfied. Wafer surface quality is 
specified using an average height and tolerance. The values of ao and a2 are next 
specified. CMP processing time is then computed based on this critical sector. 
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Figure 7. Graphical simulation window 
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Figure 8 is a representative illustration of the wafer yield after completion of CMP for 
a set processing time determined by the control sector. 
Bad Sectors 
Control Sector 
Good Sectors 
Figure 8. Wafer yield using a control sector. 
In Figure 8, the gray shaded area of the wafer represents the sectors that 
meet the stopping criteria whereas the cross-marked sectors do not. This is to be 
expected in a situation where the pressure profile increases along the wafer from the 
center to the edge. The sectors along the periphery are over polished in this case. 
For the wafer yield depicted in Figure 8, the process parameters were set as 
listed below: 
• Down pressure is 6 psi (41.37 kPa). 
• Pad angular velocity is 35 rpm. 
• Wafer angular velocity is 20 rpm. 
• Wafer diameter is 200 mm. 
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• The offset distance between the axes of the pad and the wafer is 170 mm. 
• Kp constant is 11.2 x 10·10 psi"1 (16.24 x 10-14 Pa-1). 
• Oxide thickness is 3000 angstroms. 
• Average height is 1000 angstroms. (After finishing the CMP) 
• Tolerance is 200 angstroms. 
It is illustrative to consider a time progression of the wafer yield. The sectors 
at the edge of the wafer polish faster. Consequently they come into tolerance first 
(as shown in Figure 9(a)). At that point the central region is under-polished. As time 
progresses the central region slowly comes into the tolerance band, but the sectors 
near the edge get over-polished. Figure 9(b) shows the time instant when the wafer 
yield is at a maximum. In Figure 9(c) the wafer is over-polished and the yield has 
diminished. 
4.2. Effects of CMP process parameters on wafer yield 
In this section, we visualize the effect of CMP process parameters on wafer 
yield. As discussed earlier, the wafer is divided into sectors. Its diameter, oxide 
thickness, and amplitude variation are specified next. The desired average height 
and tolerance of the wafer are entered next. In the simulation, the pad conditions 
and velocities are held constant. The effect of varying the indentation depth (ao), 
wafer curvature (a2) and polishing time (t) is visually observed. Figures 1 O(a) and 
1 O(b) show plots of wafer yield after CM P with the process parameters set as listed 
in chapter 4.1. Figure 10 shows the variation of the percentage of good sectors to 
the total sectors on the wafer. In figure 1 O(a) the indentation depth (ao) and the CMP 
21 
(a) (b) 
(c) 
Figure 9. Progression of wafer yield with CMP time. The under polished sectors are 
shaded grey and the over-polished sectors are cross-hatched. 
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time are varied for a fixed value of curvature (a2). In figure 10(b) the curvature (a2) 
and the CMP time are varied for a fixed value of indentation depth (ao). The 
indentation depth is directly related to the applied down load on the wafer. 
It is observed in both Figures that the wafer yield initially rises with CMP time 
and then diminishes due to over-polishing. 
In Figure 1 O(a), where the curvature of the wafer was relatively high, a low 
load and relatively large polishing time resulted in the best yield. At low values of 
down load and high wafer curvature, the pressure profile slopes downward at the 
wafer edge. This lead to a higher MRR at the center compared to the edge, which in 
turn reduces the wafer curvature and affects the subsequent pressure profile. 
Eventually, the pressure profile for a very low wafer curvature will result in a peak at 
the wafer edge. However, the combination of slower MRR at the beginning of the 
process and faster MRR towards the end of the process results in a higher yield for 
the entire process. 
In Figure 10(b) we observe that as the curvature increases, the polishing time 
for maximum yield also increases. The absolute value of the yield also increases 
with increasing curvature. For low wafer curvature and relatively higher down load, 
the edge polishes faster than the center. The sectors along the edge first come 
within tolerance. At that time however, the sectors in the central region are not yet 
within the tolerance band. As CMP time progresses the central sectors will come 
within the tolerance band, however the sectors along the edge will go out of 
tolerance due to over-polishing. This phenomenon restricts the overall yield 
improvement with CMP time. 
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Figure 10. Fraction of good sectors for (a) varying depth (a0) and CMP time (t) for a 
Fixed curvature a2 = 0.045 m-1 and (b) varying curvature (a2) and CMP time (t) for a 
Fixed indentation depth a0 = -0.0011 m. 
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Figure 11. Variation on normalized pressure with wafer curvature (a2) and 
indentation depth (ao). In (a) ao = -0.001 m and in (b) ao = -0.0015 m and (c) ao = -
0.002 m. 
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Figure 12. Variation of wafer yield with CMP time for different curvatures. In (a) a0 = -
0.001 m and in (b) a0 = -0.002 m. 
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The above behavior may be explained by observing the variation in pressure 
profiles with curvature and indentation depth. At low indentation depth (Figure 11 (a)) 
the pressure profile is higher at the center compared to the edge of the wafer. This 
will cause faster MRR at the center compared to the edge and reduce the effective 
curvature as CMP time progresses. It may be observed from Figures 11(b) and (c) 
that this trend diminishes with higher indentation depth for the same given curvature. 
At low curvature the pressure profile is higher at the wafer edge compared to that at 
the center, and this trend increases with increasing indentation depth. 
In order to better understand the effect of CMP process parameters on yield, 
a parametric study was carried out by systematically varying the indentation depth 
(a0) and the curvature (a2). Figure 12 shows the variation in the fraction of good 
sectors against CMP time for different values of indentation depth and different 
values of curvature. In Figure 12(a), the indentation depth is set to a low value of -
0.001 m. Simulations at three different curvatures were carried out. It is observed 
that the best yield of 0.87 occurs when the wafer contains a relatively high curvature 
of 0.045 m·1• By comparing Figure 12(a) with Figure 1 O(b ), it may be observed that 
curvature has a forgiving effect on the process yield at high CMP times. For high 
curvature, the fraction of good sectors at low CMP time is relatively low. However, it 
improves rapidly beyond a certain threshold time. As observed in Figure 12(a), this 
threshold time is about 27 sec for high curvature, the yield rises to a peak value at 
about 37 sec and finally over-polishing sets in and deteriorates the wafer yield. At 
lower values of curvature, the peak in wafer yield is reached earlier in CMP time, but 
the peak value is much smaller, about 0.48 for medium curvature and about 0.33 for 
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low curvature. Figures 12(b) shows the variation of wafer yield for a high indentation 
depth of -0.002 m. The wafer yield variation shows similar trends to those in Figure 
12(a). Better wafer yields are obtained at high curvature values. However, the peak 
wafer yield values at higher indentation depths (corresponding to higher down loads) 
are considerably less than that observed in Figure 12(a). Compared to Figure 12(a), 
the sensitivity of the wafer yield to curvature is also not as well pronounced in this 
case. 
4.3. Process Planning 
From the preceding discussion we can state that the model-based graphical 
simulation of the CMP process can be used as a design tool in the following manner. 
1. The manufacturer can set the Preston constant Kp that is specific to each wafer-
pad combination. The interface-pressure, pad angular velocity, and wafer angular 
velocity can also be set. 
2. The CMP time can be set and combinations of (ao and a2) values that result in 
the best wafer yield can be chosen. 
3. The manufacturer can pick a control sector on the wafer to be the reference for 
stopping the CMP. 
The process planning strategy is shown in Figure 13. The fixed input variables 
are the Preston coefficient, wafer diameter and pad material properties. Variables 
which may be optimized by the process planner are the indentation depth (down 
load), CMP time, wafer curvature, pad and wafer velocities. For a given combination 
of these parameters, the MRR simulation is executed in increments of the CMP 
Kp 
Wafer Diameter 
Pad Properties 
Update 80, 82, V, t 
No 
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Calculate Pressure Profile 
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Get new wafer profile 
Update yield 
Update 82 due to MRR 
Figure 13. Model-based CMP process planning 
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process time. After each increment the wafer profile and the pressure profile are 
updated. The new wafer profile is obtained by integration of the MRR per unit area 
over time at each spatial location of the wafer. This in turn enables the calculation of 
the new pressure profile. An active control scenario may be considered via in-situ 
variation of ao, and a2 to obtain the most uniform wafer profile. 
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CHAPTER 5. CONTROL STRATEGIES FOR YIELD IMPROVEMENT 
Three control strategies are explored. The first strategy controls the applied 
load. Controlling the applied load changes the indentation depth ao. This in turn 
affects the interface pressure and controls wafer yield. The second strategy controls 
the curvature of the wafer. It is assumed that the wafer is set in a fixture that can 
control the curvature. In curvature control, the applied load is held a constant. In the 
third strategy both the curvature and the applied load are controlled. Each of these 
three strategies is discussed in detail below. The objective function used in the 
control strategies is explained first. 
5.1. Objective Function 
The goal of CMP is to obtain a flat dielectric or metal layer with desired 
thickness. This objective can be formalized by simultaneously considering: (i) the 
curvature of the wafer and (ii) the amount of material available to be subsequently 
removed. A moment function comprised of an upper moment and a lower moment is 
used to capture this information. Figure 14 shows the wafer profile and the upper 
and lower moment. The wafer radius is discretized to N intervals (in this work N = 
10). The lower moment of deviation (LMD) measures the curvature. It is computed 
as the summation of the product of the radius and the height difference between the 
oxide profile at any radius, to the oxide profile at the center of the wafer. The upper 
moment of deviation (UMD) is the product of the radius and the height difference 
between the oxide profile and the desired surface of the oxide. In each case, the 
moment amplifies the height difference by the radius. Thus the height difference at 
Wafer Height 
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Radius 
4.:.....---- Lower Moment of Deviation 
Height at the center of wafer (he) 
Figure 14. Moment calculation using the upper moment and the lower moment. 
the edge of the wafer is weighted more. This is justified because for any annular 
region, the area (2nrdr) at the edge of the wafer is more compared to the center of 
the wafer. The upper and lower moments are combined together by a weighting term 
a that lies in the interval [O, 1]. Equations 6-8 show the definitions of the lower 
moment of deviation, the upper moment of deviation and the combined moment of 
deviation (MOD). 
N 
LMD = L {(he - F(ri ))* ri} [6] 
j;l 
N 
UMD = L {(F(ri)-hA)* ri} [7] 
j;l 
MOD= a(LMD)+ (1-aXUMD) [8] 
32 
5.2. Switching Logic 
The moment of deviation (MOD) objective function is used for control. The 
moment of deviation graphs for three values of Bo (100 nm, 120 nm, 140 nm) for a 
starting wafer curvature B2 of -20 x 10-5 m·1 is shown in Figure 15. Initially, the curve 
to follow is the one at the Bo value of 140 nm as it has the steepest slope and 
minimizes the MOD the fastest. As time progresses, the slope of the curve with Bo of 
120 nm becomes steeper and minimizes the moment faster. This transition occurs 
around 25 sec. At about 33 sec, the curve with Bo of 100 nm becomes steeper. 
Figure 16 shows two curves and the slopes are marked where the switching occurs. 
The steepest slope curve is chosen at all times as it helps improve the wafer surface 
in the fastest possible manner at each instant. Therefore, the control algorithms 
discussed next, use the moment of deviation as the objective function and use the 
steepest descending moment curves to select the values of the load and curvature 
to obtain the best possible wafer yield in the fastest possible time. The algorithm is a 
"greedy" algorithm and simulation results indicate that they improve the wafer yield 
substantially. 
5.3. Load Control 
In load control, the applied load is controlled to improve the wafer yield. The 
initial wafer profile is defined by the wafer curvature and the nominal thickness of the 
oxide. The chosen applied load at each CMP step is the one that minimizes the 
moment of deviation. Once the appropriate load for a particular CMP step is chosen, 
polishing is carried out for that time step. At the end of the time step, the new wafer 
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Figure 16. Load switching using the moment of deviation objective function. At A 
curve 1 is chosen, at B curve 3 is chosen and at C curve 6 is chosen. 
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curvature is computed by performing a least squares fit of the polished wafer profile. 
The number of good die sectors is computed next. A die is declared good if all four 
corners of the die are within the tolerance limits. The wafer yield is tracked through 
the simulation, and the CMP process should be stopped when the yield reaches its 
maxima. Figure 17 shows a schematic of the load control strategy. 
5.4. Curvature Control 
In curvature control, the curvature is controlled to improve the wafer yield for 
a fixed and constant value of the down load. The initial wafer profile is defined by the 
wafer curvature and the nominal thickness of the oxide. The fixtured curvature at 
each CMP step is the one that minimizes the moment of deviation. Once the fixtured 
curvature for a particular CMP step is chosen, polishing is carried out for that time 
step. At the end of the time step, the new (real) wafer curvature is computed by 
performing a least squares fit of the wafer profile. The number of good die sectors is 
computed next. The wafer yield is tracked through the simulation, and the CMP 
process should be stopped when the yield reaches its maxima. Figure 18 shows a 
schematic of the load control scheme. 
5.5. Combined Curvature & Load Control 
In combined curvature & load control, the starting Bo value is taken to be the 
initial thickness of the oxide layer at the wafer center. The fixtured curvature is 
calculated by minimizing the moment of deviation for the determined value of Bo. At 
the end of the time step, the new (real) wafer curvature is computed by performing a 
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Figure 17. Flow chart for the load control scheme. 
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Figure 18. Flow chart for the curvature control scheme. 
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Figure 19. Flow chart for the combined curvature & load control scheme. 
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least squares fit of the wafer profile. The value of a0 in the next time step is reduced 
by the amount of material polished at the wafer center. The fixtured curvature for the 
next time step is then computed by minimizing the MOD. The number of good die 
sectors is computed next. The wafer yield is tracked through the simulation, and the 
CMP process should be stopped when the yield reaches its maxima. Figure 19 
shows a schematic of the load control scheme. While, both the load and curvature 
are varied at each time step it is not a true curvature and load control since the load 
adjustment is not selected independently, but calculated from the amount of material 
removed. 
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CHAPTER 6. EXAMPLE APPLICATIONS OF CONTROL STRATEGIES 
The three control strategies outlined above are simulated. Three values of 
initial wafer curvature 82 (-1 O x 1 o-6 m·1, -15 x 10-5 m·1 and -20 x 1 o-6 m·1) are 
chosen. The effect of the parameter a in the MOD objective function on the control 
schemes is also observed. The simulation parameters used are listed below: 
Pad angular velocity is 35 rpm. 
Wafer angular velocity is 20 rpm. 
Wafer diameter is 200 mm. 
The offset distance between the axes of the pad and the wafer is 170 mm. 
Kp = 11.2 x 10-10 psi"1 (16.24 x 10·14 Pa-1). 
Oxide thickness is 8000 angstroms. 
Desired final surface height is 1000 angstroms. (After finishing CMP) 
Tolerance is 200 angstroms. 
First load control is applied, followed by curvature control and finally 
combined curvature & load control is presented. These schemes are then compared 
in the discussion section. 
6.1. Load Control 
Examples for load control are presented with different value of wafer 
curvature 8 2 (-10 x 10-6 m·1, -15 x 10-5 m·1 and -20 x 10-5 m·1). The effect of a in the 
control scheme is also observed for three value of a (0.3, 0.45 and 0.6). A higher 
value for a attaches a higher weight for LMD, which represents the deviation (due to 
wafer curvature) from a perfectly flat surface. For the simulations carried out, the 
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load control operates by setting the load initially to a higher value and then dropping 
it down after some time. The initial load is selected such that the interface pressure 
profiles slope downwards. As CMP time progresses, and the wafer is polished, the 
curvature is reduced and the pressure profiles start sloping upwards. The load is 
then subsequently reduced and this makes the pressure profile drop down again. As 
the curvature is further reduced, the pressure profiles may again start sloping 
upward. Hence, the interface pressure profiles are downward sloping for part of the 
CMP process and upward sloping for part of the CMP process. By suitably matching 
the upward sloping profiles with equivalent downward sloping profiles, a high quality 
flat surface is obtained at the end of CMP processing time. The simulation results 
indicate that for load control, lower values of a are favored because of lower CMP 
stopping times. The simulations also indicate that for load control, the initial wafer 
curvature does not significantly influence the wafer yield. The control strategies also 
follow similar trends for all curvature values and are influenced more by the choice of 
the parameter a in the MOD function. The load control simulations are discussed in 
detail next. 
6.1.1. Low Curvature 
When the initial wafer curvature is -10 x 10-6 m-1 and a is taken as 0.3, the 
load control follows the pattern shown in Figure 20(a). The starting load is set at an 
ao value of 250 nm and stays at that value till 75 sec. It then starts dropping down 
and reaches 100 nm at 85 sec. The CMP yield is shown in Figure 20(b). The best 
yield of 208 occurs at 91 sec. The actual wafer curvature variation is shown in Figure 
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20(c). At the end of CMP (91 sec) the wafer curvature is -3.8 x 10-5 m-1. The 
pressure profile variations are shown in Figure 20(d). Initially, the pressure curve is 
downward sloping with small edge fan out because of the higher curvature. As CMP 
progresses, the curvature is reduced and the pressure profiles start sloping 
upwards. The load is then reduced by the control algorithm and the pressure profiles 
start dropping back again. In the control strategy, the higher load initially speeds up 
the material removal. Towards the end in order to satisfy the wafer tolerances the 
load is reduced. The moment variation is shown in Figure 20(f). The upper and lower 
moments as well as the combined MOD are shown. They are observed to be 
decreasing with polishing time. 
The load variation is shown in Figure 20(a) when the value of the a is taken 
as 0.45. The load remains at 250 nm till 7 4 sec and drops to 100 nm at 82 sec. The 
best CMP yield of 208 now occurs at 96 sec. At the end of CMP the wafer curvature 
is -3.03 x 10-5 m-1 (Figure 20(c)). The pressure profile variation is shown in Figure 
20(e). The pressure profiles are increasing initially because of the reduction in 
curvature. The load is then dropped, resulting in a decrease in the curvature. The 
curvature continues to decrease, resulting in an increase in the pressure profiles 
once more. The moment of deviation is shown in Figure 20(h). 
When the value of a is set at 0.6 the load variation is as shown in Figure 
20(a). The load remains at 250 nm till 65 sec and drops to 100 nm at 82 sec. The 
best CMP yield of 208 occurs at 103 sec. At the end of CMP the wafer curvature is 
-2.67 x 10-5 m-1 (Figure 20(c)). The pressure profile variation is shown in Figure 20(f) 
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Moment of deviation variation with polishing time for load control 
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Figure 20. (Continued). 
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and they behave very similarly to the case when ~ is taken as 0.45. Moment 
variation is shown in Figure 20(i). 
Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.08 for the best CMP yield. Figure 21 (a) shows all 
sectors are under-polished at 75 sec. In Figure 21 (b) there are 12 sectors over-
polished at 79 sec around the edge of the wafer. At that point the central region is 
under-polished. At 83 sec the central region is still under-polished while there are 52 
sectors over-polished around the edge of the wafer is shown in Figure 21 (c). As time 
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Figure 21. Progression of wafer yield with CMP time under load control and initial 
curvature of-10 x 10-6 m·1. 
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progresses the central region slowly comes into the tolerance region and the best 
CMP yield of 208 occurs at 87 sec where the sectors near the edge are over-
polished (as shown in Figure 21 (d)). 
6.1.2. Medium Curvature 
When the initial wafer curvature is -15 x 10-6 m-1 and a is taken as 0.3 the 
load control follows the pattern shown in Figure 22(a). The load is set at an a0 value 
of 250 nm and stays at that value till 75 sec. It then starts dropping down and 
reaches 100 nm at 86 sec. The CMP yield is shown in Figure 22(b ). The best yield of 
208 occurs at 89 sec. The actual wafer curvature variation is shown in Figure 22(c). 
At the end of CMP (89 sec) the curvature is -4.05 x 1 o-6 m-1. The pressure profile 
variations are shown in Figure 22(d) and the moment variation is shown in Figure 
22(g). 
When the value of a is taken as 0.45 the load variation is shown in Figure 
22(a). The load remains at 250 nm till 72 sec and drops to 100 nm at 81 sec. The 
best CMP yield of 208 now occurs at 93 sec (Figure 22(b)). At the end of CMP the 
wafer curvature is -3.27 x 10-6 m-1 (Figure 22(c)). The pressure profile variation is 
shown in Figure 22(e) and the moment variation is shown in Figure 22(h). 
When the value of a is taken as 0.6 the load variation is shown in Figure 
22(a). The load remains at 250 nm till 66 sec and drops to 100 nm at 79 sec. The 
best CMP yield of 208 now occurs at 101 sec (Figure 22(b)). At the end of CMP the 
wafer curvature is -2.7 x 10-6 m-1. The pressure profile variation is shown in Figure 
22(f) and the moment variation is shown in Figure 22(i). 
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Figure 22. Load control initial wafer curvature of -15 x 1 o-6 m·1. 
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Normalized pressure profile variation with radius for load control 
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Moment of deviation variation with polishing time for load control 
starting a 2 = -15 x 10-e m·', and a= 0.30 
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Figure 22. (Continued). 
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Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.09 for the best CMP yield. Figure 23(a) and 23(b) 
show all sectors are still under-polished at 73 sec and 77sec respectively. In Figure 
23(c) there are 44 sectors over-polished at 81 sec around the edge of the wafer. At 
that point the central region is under-polished. As time progresses the central region 
slowly comes into the tolerance region and the best CMP yield of 208 occurs at 85 
sec where the sectors near the edge are over-polished (as shown in Figure 23(d)). 
Graph between number of good sectors and radius for 
load control 
a 2 = ·15 x 1 o"' m"', a = 0.09. and polishing time = 73 sec. 
0 - 10 10 - 20 20 - 30 30 - 40 40 - 50 50 - 60 60 - 70 70 - 80 60 - 90 90 - 100 
Radius O under 
•o\/9r 
(a) 
•good sector 
Oelse 
Graph between number of good sectors and radius for 
load control 
a 2 • -15 x 1 o"' m·1, a • 0.09, and polishing time • 81 sec. 
.. 50 1---------------r--l 
5 u 40 .. i 30 
0 20 j--------~-. 
.. 10 1----1--, 
OdO 
(c) 
Graph between number of good sectors and radius for 
load control 
a 2 = ·15 x 1 o"' m"', a • 0.09, and polishing time • 77 sec. 
.. 50 +---------------r-1 
5 u 40 +-------------1 .. i 30 ;--------- · 
~ 20 +---------.---. 
• 10 +----r--1 
0-10 10-20 20-30 30 - 40 40-50 50-60 60-70 70-80 80-90 90-100 
Radius o under 
•o\/9r 
(b) 
•good sector 
Oelse 
Graph between number of good sectors and radius for 
load control 
a 2 • -15 x 1 o"' m·'. a • 0.09, and polishing time • 85 sec. 
.. 50 1----------------·-
5 u 40 ;-------------.. 
i: 0 +-- -----
.. 10 <----
0- 10 
(d) 
Figure 23. Progression of wafer yield with CMP time under load control and initial 
curvature of -15 x 10-6 m·1. 
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6.1.3. High Curvature 
When the initial wafer curvature is -20 x 1 o-6 m·1 and a is taken as 0.3 the 
load control follows the pattern shown in Figure 24(a). The load is set at a0 value of 
250 nm and stays at that value till 75 sec. It then starts dropping down and reaches 
100 nm at 85 sec. The CMP yield is shown in Figure 24(b ). The best yield of 208 
occurs at 91 sec. The actual wafer curvature variation is shown in Figure 24(c). At 
the end of CMP (91 sec) the curvature is -3.82 x 10-5 m·1. The pressure profile 
variations are shown in Figure 24(d). The moment variation is shown in Figure 24(g). 
When the value of a is taken as 0.45 the load variation is shown in Figure 
24(a). The load remains at 250 nm till 72 sec and drops to 100 nm at 81 sec. The 
best CMP yield of 208 now occurs at 93 sec (Figure 24(b)). At the end of CMP the 
wafer curvature is -3.27 x 10-6 m·1 (Figure 24(c)). The pressure profile variation is 
shown in Figure 24(e) and the moment variation is shown in Figure 24(h). 
When the value of a is taken as 0.6 the load variation is shown in Figure 
24(a). The load remains at 250 nm till 67 sec and drops to 100 nm at 81 sec. The 
best CMP yield of 208 now occurs at 99 sec (Figure 24(b)). At the end of CMP the 
wafer curvature is -2.7 x 10-5 m·1 (Figure 24(c)). The pressure profile variation is 
shown in Figure 24(f) and the moment variation is shown in Figure 24(i). 
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Figure 24. Load control initial wafer curvature of -20 x 10-6 m·1. 
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Normalized pressure profile variation with radius for load control 
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Moment of deviation variation with polishing time for load control 
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Figure 24. (Continued). 
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Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.46 for the best CMP yield. Figure 25(a) shows all 
sectors are under-polished at 78 sec. In Figure 25(b) there are 8 sectors over-
polished at 82 sec around the edge of the wafer. At that point the central region is 
under-polished. At 86 sec the central region is still under-polished while there are 20 
sectors over-polished around the edge of the wafer is shown in Figure 25(c). As time 
progresses the central region slowly comes into the tolerance region and the best 
CMP yield of 216 occurs at 90 sec where the sectors near the edge are over-
polished (as shown in Figure 25(d)). 
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Figure 25. Progression of wafer yield with CMP time under load control and initial 
curvature of -20 x 10-6 m·1. 
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6.2. Curvature Control 
Examples for curvature control are presented with different values of initial 
real wafer curvatures (-10 x 10-5 m-1, -15 x 10-6 m-1, -20 x 10-5 m-1). The down load ao 
is held at a constant value of 200 nm. The effect of a in the control scheme is also 
observed for three value of a (0.3, 0.45 and 0.6). The simulation results indicate that 
for lower values of a the fixtured curvature is kept small initially and then increased 
as CMP time progresses. Accordingly, the interface pressure curves slope upwards 
initially and then as the fixtured curvature is increased, the interface pressure 
profiles slope downwards. Due to fluctuations in the fixtured curvature, the interface 
pressure profiles can show some oscillation. When the value of a is taken to be high, 
the fixtured curvature starts out high and is then lowered as CMP time progresses. 
The interface pressure is now downward sloping initially and then becomes upward 
sloping as CMP progresses. Again because of fluctuations in the fixtured curvature, 
the pressure profiles can show some oscillation. For both high and low values of a 
the curvature control algorithm adjusts the interface pressure profiles such that 
polishing with upward sloping pressure curves are compensated by polishing with 
downward sloping curves, in order to make the cumulative material removal to be 
uniform across the wafer surface at the end of the total polishing time. The best 
wafer yield is obtained for the higher values of curvature and lower values of a. The 
curvature control simulations are presented in detail next. 
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6.2.1. Low Curvature 
When the value of a is chosen as 0.3, the fixtured 8 2 variation based on 
curvature control is shown in Figure 26(a). The fixtured curvature starts off at -1 x 1 o-
6 m-1 up to 34 sec and increases to -10 x 10-6 m-1 by 36 sec, and increases further to 
-11 x 1 o-6 m-1 at 48 sec and stays at that value for the most part till the best wafer 
yield of 164 occurs at 110 sec (Figure 26(c)). The real 8 2 variation is also shown in 
Figure 26(b ). The pressure variations now are due only to the fixtured curvature and 
are shown in Figure 26(d). It is observed that the pressure profiles are upward 
sloping initially because of the low value of curvature and are downward sloping later 
when the curvature is higher. The final wafer curvature at stopping time is +3.8 x 1 o-6 
m-1• The moment variations are shown in Figure 26(g). 
When the value of a is chosen as 0.45, the fixtured a2 variation based on 
curvature control is shown in Figure 26(a). The fixtured curvature starts off at-1 x 10-
6 m-1 up to 15 sec and increases to -10 x 10-6 m-1 by 17 sec, and exhibits oscillatory 
behavior from 56 sec onwards to CMP stopping time at 111 sec. The best wafer 
yield in this case is 148 (Figure 26(c)). The real 8 2 variation is also shown in Figure 
26(b). The pressure variations are shown in Figure 26(e). It is observed that the 
pressure profiles also exhibit some oscillatory behavior because of oscillations in the 
fixtured curvature. The final wafer curvature at stopping time is +5.2 x 10-6 m-1• The 
moment variations are shown in Figure 26(h). 
When the value of a is chosen as 0.6, the fixtured 82 variation based on 
curvature control is shown in Figure 26(a). In this case the fixtured curvature starts 
off with a high value of -20 x 1 o-6 m-1 and drops down to -5 x 10-6 m-1 at 15 sec. At 84 
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Figure 26. Curvature control with initial curvature of -10 x 10-6 m·1. 
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Normalized pressure profile variation with radius for curvature control 
starting a 2 = -10 x 10.e m·1, fixed a 0 = 200 nm, and a= 0.30 
. ... 
I 
·-
2"" 
J 
/J 
~ 
3"' 
~~ 
20 40 60 80 4'"100 
Radius (mm) 
(d) 
Normalized pressure profile variation with radius for curvature control 
starting a 2 = -10 x 10.e m·1, fixed a 0 = 200 nm, and a= 0.45 
' 
20 40 60 
Radius (mm) 
(e) 
80 
111 
I 
2""4'" 
/ 
/t 
_/ 
--_3"'5'"7'" 
100 
Normalized pressure profile variation with radius for curvature control 
starting a 2 = -10 x 10.e m·1, fixed a 0 = 200 nm, and a= 0.60 
3"'4'" 
2""5'"a'" 
1 
,J 
;/ 
-----== 7'" 
------ 1~6'" 20 40 60 80 100 •· 
Radius (mm) 
(f) 
Figure 26. (Continued). 
1 0 
120 
1 0 
60 
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sec it increases to -1 O x 10-6 m·1 and there is some oscillatory behavior between -5 x 
10-5 m·1 and -10 x 10-5 m·1 up to CMP stopping time 113 sec. The best yield in this 
case is only 112 (Figure 26(c)). The real a2 variation is also shown in Figure 26(b). 
The curvature is initially reduced close to 0, and increases gradually in the -ve 
direction and then again in the positive direction close to CMP stopping time. The 
pressure variations are shown in Figure 26(f). Initially the pressure profile is 
downward sloping because of the high curvature. As the curvature is lowered, the 
pressure profiles become upward sloping. Because of oscillations in curvature close 
to stopping time, the pressure profiles also oscillate. The final wafer curvature at 
stopping time is +6.83 x 10-5 m·1. The moment variations are shown in Figure 26(i). 
Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.26 for the best CMP yield. Figure 27(a) and 27(b) 
shows all sectors are under-polished at 96 sec and 100 sec respectively. In Figure 
27(c) there are 8 sectors over-polished around the edge of the wafer and 32 sectors 
come into the tolerance region at 104 sec. As time progresses the central region 
slowly comes into the tolerance region and the best CMP yield of 216 occurs at 108 
sec where the sectors near the edge are over-polished (as shown in Figure 27(d)). 
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Graph between number of good sectors and radius for 
curvature control 
a 2 = ·1 O x 1 o-e m·1, a • 0.26, and polishing time " 100 sec. 
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Figure 27. Progression of wafer yield with CMP time under curvature control and 
initial curvature of -1 O x 10-6 m·1. 
6.2.2. Medium Curvature 
When the value of a is chosen as 0.3, the fixtured 8 2 variation based on 
curvature control is shown in Figure 28(a). The fixtured curvature starts off at -1 x 1 O" 
6 m·1 up to 32 sec and increases to -10 x 10-5 m·1 at 33 sec, and increases further to -
11 x 10"6 m·1 at 46 sec and further increases to -13 x 1 o-6 m·1 at 86 sec and gets 
back to -11 x 1 o-6 m·1 at 95 sec and stays at that value till stopping time at 107 sec. 
The best CMP yield is now 224 (Figure 28(c)). The actual value of 82 at the end of 
polishing is 1.6 x 1 o-6 m·1 (Figure 28(b)). The pressure variation is shown in Figure 
28(d). When the fixtured 8 2 is set at -10 x 10"6 m·1 the pressure profile is sloping 
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upwards. For all other fixtured curvatures the pressure profile is sloping down. The 
moment variations are shown in Figure 28(g). 
When the value of a is chosen as 0.45, the fixtured 82 variation based on 
curvature control is shown in Figure 28(a). The fixtured curvature starts off at -1 x 1 o-
6 m-1 up to 14 sec and increases to -10 x 10-5 m-1 by 16 sec, and exhibits oscillatory 
behavior from 67 sec onwards to CMP stopping time at 108 sec. The best wafer 
yield in this case is 224 (Figure 28(c)). The real 82 variation is also shown in Figure 
28(b). The pressure variations are shown in Figure 28(e). It is observed that the 
pressure profiles also exhibit some oscillatory behavior because of oscillations in the 
fixtured curvature. Initially the pressure profile is sloping upward. Then for a while it 
is downwards and then again upwards and downwards. The final wafer curvature at 
stopping time is +3.2 x 10-5 m-1. The moment variations are shown in Figure 28(h). 
When the value of a is chosen as 0.6, the fixtured 8 2 variation based on 
curvature control is shown in Figure 28(a). In this case the fixtured curvature starts 
off with a high value of -20 x 10-6 m-1 and drops down to -5 x 10-5 m-1 by 21 sec. At 
85 sec it increases to -10 x 10-5 m-1 and there is some oscillatory behavior between -
5 x 10-5 m-1 and -10 x 10-5 m-1 up to CMP stopping time 108 sec. The best yield in 
this case is only 112. The real 8 2 variation is also shown in Figure 28(b ). The 
curvature is initially reduced close to 0, and increases gradually in the -ve direction 
and then again in the positive direction close to CMP stopping time. The pressure 
variations are shown in Figure 28(f). Initially the pressure profile is downward sloping 
because of the high curvature. As the curvature is lowered, the pressure profiles 
become upward sloping. Because of oscillations in curvature close to stopping time, 
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Fixtured curvature variation in curvature control 
starting a 2 = ·15 x 10·8 m·1 
Polishing time (sec) 
(a) 
Real curvature variation in curvature control 
starting a 2 = -15 x 10-e m"1 
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Number of good sectors with polishing time for 
curvature control. starting a 2 = -15 x 1 o" m·1 
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Figure 28. Curvature control with initial curvature of -15 x 1 o-6 m·1. 
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Normalized pressure profile variation with radius for curvature control 
starting a 2 = ·15 x 10.a m·1, fixed a 0 = 200 nm, and a= 0.30 
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Figure 28. (Continued). 
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Moment of deviation variation with pollshlng time for curvature control 
starting a 2 = ·15 x 10.e m·1, fixed a 0 = 200 nm, and a= 0.30 
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Figure 28. (Continued). 
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the pressure profiles also oscillate. The final wafer curvature at stopping time is 
+4.26 x 10-5 m·1. The moment variations are shown in Figure 28(i). 
Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.27 for the best CMP yield. Figure 29(a) and 29(b) 
shows all sectors are under-polished at 94 sec and 98 sec respectively. In Figure 
29(c) there are 8 sectors over-polished at 102 sec around the edge of the wafer. At 
that point the central region is under-polished. As time progresses the central region 
slowly comes into the tolerance region and the best CMP yield of 224 occurs at 106 
sec where the sectors near the edge are over-polished (as shown in Figure 29(d)). 
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Figure 29. Progression of wafer yield with CMP time under curvature control and 
initial curvature of -15 x 1 o-6 m·1. 
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6.2.3. High Curvature 
When the value of a is chosen as 0.3, the fixtured 82 variation based on 
curvature control is shown in Figure 30(a). The fixtured curvature starts off at -1 x 10-
6 m-1 up to 29 sec and increases to -10 x 10-6 m-1 at 31 sec, and increases further to 
-11 x 1 o-6 m-1 at 42 sec and further increases to -13 x 1 o-6 m-1 at 80 sec and gets 
back to -11x10-6 m-1 at100 sec and just increases to -12 x 10-6 m-1 at CMP 
stopping time at 104 sec. The best CMP yield is now 224 (Figure 30(b)). The actual 
value of 8 2 at the end of polishing is -0.75 x 10-6 m-1 (Figure 30(c)). The pressure 
variation is shown in Figure 30(d). When the fixtured 8 2 is set at -1 x 10-6 m-1 the 
pressure profile is sloping upwards. Once the fixture curvature is set at -10 x 10-6 m-1 
the pressure profiles are sloping downwards. The moment variations are shown in 
Figure 30(g). 
When the value of a is chosen as 0.45, the fixtured 8 2 variation based on 
curvature control is shown in Figure 30(a). The fixtured curvature starts off at -1 x 10-
6 m-1 up to 13 sec and increases to -1 O x 1 o-6 m-1 by 15 sec, and exhibits oscillatory 
behavior from 77 sec onwards to CMP stopping time at 106 sec. The best wafer 
yield has now increased to 240 (Figure 30(b)). The real 82 variation is also shown in 
Figure 30(c). The pressure variations are shown in Figure 30(e). It is observed that 
the pressure profiles also exhibit some oscillatory behavior because of oscillations in 
the fixtured curvature. Initially the pressure profile is sloping upward. Then for a 
while it is downwards and then again upwards. The final wafer curvature at stopping 
time is -1.6 x 10-6 m-1. The moment variations are shown in Figure 30(h). 
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Normalized pressure profile variation with radius for curvature control 
starting a 2 = -20 x 10~ m·1 , fixed a 0 = 200 nm, and a= 0.30 
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Moment of deviation variation with polishing time for curavture control 
starting a 2 = -20 x 10-e m ·1, fixed a 0 = 200 nm, and a= 0.30 
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When the value of a is chosen as 0.6, the fixtured 82 variation based on 
curvature control is shown in Figure 30(a). In this case the fixtured curvature starts 
off with a high value of -20 x 10-6 m-1 and drops down to -5 x 10-6 m-1 at 26 sec. From 
there on there is some oscillatory behavior till CMP stopping time. The best yield in 
this case is only 140 and occurs at 108 sec (Figure 30(b )). The real 8 2 variation is 
also shown in Figure 30(c). The curvature is initially reduced close to 0, and 
increases gradually in the -ve direction and then again in the positive direction close 
to CMP stopping time. The pressure variations are shown in Figure 30(f). Initially the 
pressure profile is downward sloping because of the high curvature. As the curvature 
is lowered, the pressure profiles become upward sloping. Because of oscillations in 
curvature close to stopping time, the pressure profiles also oscillate. The final wafer 
curvature at stopping time is +4.02 x 10-5 m-1. The moment variations are shown in 
Figure 30(i). 
Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.34 for the best CMP yield. Figure 31 (a) 31 (b) and 
31 (c) show all sectors are under-polished at 94 sec 98sec and 102 sec. Then as 
time progresses the central region slowly comes into the tolerance region and the 
best CMP yield of 240 occurs at 106 sec where the sectors near the edge are over-
polished (as shown in Figure 31 (d)). 
60 
" 50 is u 40 .. i 30 
"' 20 
'5 
.. 10 
Graph between number of good sectors and radius for 
curvature control 
a2 = ·20 x 10 .. m·1, a= 0.34, and polishing time= 94 sec. 
-
- -- -- - ,_ 
- - -
r--i I r-n-1 I- - - ~ 
-
-
-
-
~ 
0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 
Radius o under 
•over 
(a) 
•good sector 
oelse 
Graph between number of good sectors and radius for 
curvature control 
a 2 = ·20 x 10 .. m·1, a= 0.34, and polishing time= 102 sec. 
.. 50 ;----- ---- ______ ,, 
is 
~ 40;-------------1 .. i 30 - ---------1 
~20 ;--------r-~· 
.. 10 4----1--0 
73 
Graph between number of good sectors and radius for 
curvature control 
a 2 • -20 x 10 .. m·1, a" 0.34, and polishing time= 98 sec. 
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Figure 31. Progression of wafer yield with CMP time under curvature control and 
initial curvature of -20 x 10-6 m-1. 
6.3. Combined Curvature & Load Control 
Examples for combined curvature & load control are presented with different 
values of wafer curvature a2 (-10 x 10-6 m-1, 15 x 10-6 m-1 and -20 x 10-6 m-1 ). The 
effect of a in the control scheme is also observed for three value of a (0.3, 0.45 and 
0.6). The simulation results indicate that the load is continuously reduced as CMP 
progresses. The fixtured curvature for low values of a starts with a small value and is 
then increased in a small time interval and then gradually decreased. Accordingly, 
the pressure profiles are upward sloping initially and then become downward sloping 
as CMP progresses. Its may be noted that the combination of load and curvature 
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determines the upward or downward sloping nature of the pressure profile. For a 
high value of a the fixtured curvature starts off at a high value initially and is then 
gradually reduced as CMP time progresses. The best yield is obtained when the 
wafer curvature values are higher. The simulations for combined curvature & load 
are presented in detail next. 
6.3.1. Low Curvature 
When the value of a is chosen as 0.3, the load ao starts off at 800 nm and is 
gradually reduced in each CMP step by the amount of material removed at the 
center of the wafer (Figure 32(a)). The fixtured curvature as shown in Figure 32(b) 
starts off at -1 x 10-5 m-1 and then increases to -20 x 10-5 m-1 at 11 sec. It remains at 
-20 x 10-6 m-1 till 31 sec. Thereafter it gradually reduces to -6 x 10-5 m-1 at CMP 
stopping time. The best wafer yield is 208 and occurs at 63 sec (Figure 32(c)). The 
actual wafer curvature initially increases to -34 x 10-5 m-1 and then is gradually 
reduced to zero and at CMP stopping time takes a value of +0.63 x 10-5 m-1. The 
pressure variations are shown in Figure 32(d). Initially because of the low fixtured 
curvature the pressure profile is sloping upwards. As CMP progresses and the 
curvature is reduced the pressure profiles are downward sloping. The moment 
variations are shown in Figure 32(g). 
When the value of a is chosen as 0.45, the load ao starts at 800 nm and 
gradually drops down to 70 nm at CMP stopping time (Figure 32(a)). The fixtured a2 
control is shown in Figure 32(b ). The fixtured curvature starts off at -1 x 10-5 m-1 and 
increases to -20 x 10-6 m-1 by 6 sec and stays at that value till 25 sec. Thereafter a2 
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is in a decreasing trend and drops down to -4 x 10-6 m·1 by CMP stopping time which 
is at 72 sec. The best wafer yield is only 164 (Figure 32(c)). The pressure profile is 
initially upwards because of the very low fixtured curvature (Figure 32(e)). Later on it 
is downward sloping because of higher fixtured curvature. Towards close to CMP 
stopping time even though the curvature is small, the load is also small contributing 
to downward sloping pressure curves. The actual wafer curvature increases initially 
to -20 x 10-6 m·1 and is reduced to +5.3 x 10-6 m·1 at stopping time. The moment 
variations are shown in Figure 32(h). 
When the value of a is chosen as 0.6, the value of a0 is gradually lowered 
from 800 nm to 75 nm at stopping time (Figure 32(a)). The fixtured a2 control is 
shown in Figure 32(b)). Initially the value of a2 is 20 x 10-6 m·1 and from 19 sec 
onwards shows a reducing trend and is -3 x 10-6 m·1 at CMP stopping time. The best 
wafer yield is only 164 and occurs at 72 sec (Figure 32( c) ). The real curvature is 
progressively reduced from -10 x 10-6 m·1 and reaches +5.14 x 10-6 m·1 at stopping 
time. The pressure variations are shown in Figure 32(f). Initially the pressure profile 
is downward sloping because of the high curvature. As the curvature is lowered, the 
pressure profiles become upward sloping. Towards stooping time because of very 
low ao values the pressure profile is again downward sloping. The moment variations 
are shown in Figure 32(i). 
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Load variation in combined curvature & load control 
starting a 2 = ·10 
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Figure 32. Combined curvature & load control with initial curvature of 
-10 x 10-6 m·1. 
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Normalized pressure profile variation with radius 
for combined curvature & load control, starting a 2 = ·10 x 10~ m·1 and a= 0.30 
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Figure 32. (Continued). 
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Moment of deviation variation with polishing time 
for combined curvature & load control, starting a 2 = ·10 x 10.e m"1 and a= 0.30 
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Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.33 for the best CMP yield. Figure 33(a) shows all 
sectors are under-polished at 51 sec. In Figure 33(b) there are 12 sectors over-
polished at 55 sec around the edge of the wafer and 4 sectors come into the 
tolerance region. At 59 sec 68 sectors around the central region are within the 
tolerance region and 20 sectors are over-polished around the edge of the wafer is 
shown in Figure 33(c). As time progresses the central region slowly comes into the 
tolerance region and the best CMP yield of 216 occurs at 63 sec where the sectors 
near the edge are over-polished (as shown in Figure 33(d)). 
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Figure 33. Progression of wafer yield with CMP time under combined curvature & 
load control and initial curvature of -1 Ox 10-6 m-1. 
80 
6.3.2. Medium Curvature 
When the value of a is chosen as 0.3, the load a0 starts off at 800 nm and is 
gradually reduced to 122 nm at stopping time (Figure 34(a)). The fixtured curvature 
as shown in Figure 34(b) starts off at -1 x 10-5 m-1 and then increases to -20 x 10-5 
m-1 at 6 sec. It remains at -20 x 10-5 m-1 till 34 sec. Thereafter it gradually reduces to 
-9 x 10-6 m-1 at CMP stopping time. The best wafer yield is 208 and occurs at 57 sec 
(Figure 34(c)). The real wafer curvature initially increases to -38 x 10-5 m-1 and then 
is gradually reduced to zero and at CMP stopping time takes a value of -3.4 x 10-5 m-
1. The pressure variations are shown in Figure 34(d). Initially because of the low 
fixtured curvature the pressure profile is sloping upwards. As CMP progresses and 
the curvature is increased the pressure profiles are downward sloping. Towards 
CMP stopping time even though the curvature values are small, the load is also 
small leading to downward sloping pressure curves. The moment variations are 
shown in Figure 34(g). 
When the value of a is chosen as 0.45, the load ao starts at 800 nm and 
gradually drops down to 88 nm at CMP stopping time (Figure 34(a)). The fixtured a2 
control is shown in Figure 34(b). The fixtured curvature starts off at -1 x 10-6 m-1 and 
increases to -20 x 10-5 m-1 by 5 sec and stays at that value till 25 sec. Thereafter a2 
is in a decreasing trend and drops down to -5 x 10-6 m-1 by CMP stopping time which 
is at 67 sec. The best wafer yield is now 224 (Figure 34(c)). The pressure profile is 
initially upward sloping because of the very low fixtured curvature (Figure 34(e)). 
Later on it is downward sloping because of higher fixtured curvature. As the fixtured 
curvature further reduces the pressure profile once more slopes upward. Towards 
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Load variation in combined curvature & load control 
starting a 2 = -15 x 10.e m-1 
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Figure 34. Combined curvature & load control with initial curvature of 
-15 x 10-6 m·1. 
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Normalized pressure profile variation with radius 
for combined curvature & load control, starting a 2 = ·15 x 10~ m·1 and a= 0.30 
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Figure 34. (Continued). 
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Moment of deviation variation with polishing time 
for combined curvature & load control, starting a 2 = -15 x 10-e m·1 and a= 0.30 
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Figure 34. (Continued). 
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CMP stopping time the pressure is again downward sloping because of the low load. 
The actual wafer curvature increases initially to -24 x 10-5 m·1 and is reduced to +3.5 
x 10-6 m·1 at stopping time. The moment variations are shown in Figure 34(h). 
When the value of a is chosen as 0.6, the value of ao is gradually lowered 
from 800 nm to 86 nm at stopping time (Figure 34(a)). The fixtured a2 control is 
shown in Figure 34(b ). Initially the value of a2 is -20 x 10-5 m·1 and from 25 sec 
onwards shows a reducing trend and is -4 x 10-5 m·1 at CMP stopping time. The 
wafer yield is 212 and occurs at 68 sec (Figure 34(c)). The real wafer curvature is 
progressively reduced from -15 x 10-5 m·1 and reaches +3.7 x 10-5 m·1 at stopping 
time. The pressure variations are shown in Figure 34(f). Initially the pressure profile 
is downward sloping because of the high curvature. As the curvature is lowered, the 
pressure profiles become upward sloping. Towards stopping time because of very 
low a0 values the pressure profile is again downward sloping. The moment variations 
are shown in Figure 34(i). 
Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.48 for the best CMP yield. Figure 35(a) shows all 
sectors are under-polished at 54 sec. As time progresses the central region slowly 
comes into the tolerance region. At 58 sec and 62 sec there are 32 sectors and 96 
sectors come into the tolerance region while the rest of the region are still under-
polished are shown in Figure 35(b) and 35(c). Then the best CMP yield of 224 
occurs at 66 sec where the sectors near the edge are over-polished (as shown in 
Figure 35(d)). 
Graph between number of good sectors and radius for 
combined curvature & load control 
a 2 = ·15 x 10 .. m·', a = 0.48, and polishing time = 54 sec. 
.. 50 1---- - --- - -----·r--l 
li u 401-------------1 .. .. 
1 : 1--------~~ 
0 
,. 10 1----r--, 
0-10 10·20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 
Radius o under 
•over 
(a) 
•good sector 
oelse 
Graph between number of good sectors and radius for 
combined curvature & load control 
a 2 • ·15 x 10 .. m·', a• 0.48, and polishing time• 62 sec. 
.. 501-----
li u 40 .. .. 1: j--------.,.,.,. 
0 
.. 10 j----lr.GC.t· 
O - 10 10 - 20 20 - 30 30 - 40 40 - 50 50 - 60 60 - 70 70 - BO BO - 90 90 - 100 
Radius D under 
•over 
(c) 
I'll good sector 
oelse 
85 
Graph between number of good sectors and radius for 
combined curvature & load control 
a 2 = ·15 x 10 .. m·', a • 0.48, and polishing time• 58 sec. 
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Figure 35. Progression of wafer yield with CMP time under combined curvature & 
load control and initial curvature of -15 x 10-6 m·1. 
6.3.3. High Curvature 
When the value of a is chosen as 0.3, the load a0 starts off at 800 nm and is 
gradually reduced to 130 nm at stopping time (Figure 36(a)). The fixtured curvature 
as shown in Figure 36(b) starts off at-1x10-6 m·1 and then increases to -20 x 10-6 
m·1 at 11 sec. It remains at -20 x 10-6 m·1 till 34 sec. Thereafter it gradually reduces 
to -13 x 1 o-6 m·1 at CMP stopping time. The best wafer yield is 208 and occurs at 55 
sec (Figure 36(c)). The actual wafer curvature initially increases to -41 x 10-6 m·1 and 
then is gradually reduced to -6.2 x 10-6 m·1 at CMP stopping time. The pressure 
variations are shown in Figure 36(d). Initially because of the low fixtured curvature 
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the pressure profile is sloping upwards. As CMP progresses and the curvature is 
increased, the pressure profiles are downward sloping. The moment variations are 
shown in Figure 36(g). 
When the value of a is chosen as 0.45, the load 8 0 starts at 800 nm and 
gradually drops down to 103 nm at CMP stopping time (Figure 36(a)). The fixtured 82 
control is shown in Figure 36(b). The fixtured curvature starts off at -1 x 10-6 m·1 and 
increases to -20 x 1 o-6 m·1 by 5 sec and stays at that value till 25 sec. Thereafter 82 
is in a decreasing trend and drops down to -5 x 1 o-6 m·1 by CMP stopping time which 
is at 62 sec. The best wafer yield is now 240 (Figure 36(c)). The pressure profile is 
initially upward sloping because of the very low fixtured curvature (Figure 36(e)). 
Later on it is downward sloping because of higher fixtured curvature. As the fixtured 
curvature further reduces the pressure profile once more slopes upward. Towards 
CMP stopping time the pressure is again downward sloping because of the low load. 
The actual wafer curvature increases initially to -29 x 10-6 m·1 and is reduced to +1.6 
x 1 o-6 m·1 at stopping time. The moment variations are shown in Figure 26(h). 
When the value of a is chosen as 0.6, the value of 8o is gradually lowered 
from 800 nm to 102 nm at stopping time (Figure 36(a)). The fixtured 82 control is 
shown in Figure 36(b ). Initially the value of 8 2 is -20 x 1 o-6 m·1 and stays at this value 
till 30 sec and drops to -5 x 1 o-6 m·1 by 32 sec and oscillates about that value till 
CMP stopping time. The real wafer curvature is progressively reduced from -20 x 1 o-
6 m·1 and reaches +1.7 x 10-6 m·1 at stopping time. The best wafer yield of 240 
occurs at 63 sec (Figure 36(c)). The pressure variations are shown in Figure 36(f). 
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Load variation in combined curvature & load control 
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Figure 36. Combined curvature & load control with initial curvature of 
-20 x 10"6 m·1. 
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Normalized pressure profile variation with radius 
for combined curvature & load control, starting a 2 = -20 x 10-a m·1 and a= 0.30 
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for combined curvature & load control, starting a 2 = -20 x 10-a m·1 and a= 0.45 
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Normalized pressure profile variation with radius 
for combined curvature & load control , starting a 2 = ·20 x 10-a m·1 and a= 0.60 
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Figure 36. (Continued). 
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Moment of deviation variation with polishing time 
for combined curvature & load control, starting a 2 = -20 x 10-e m·1 and a= 0.30 
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Moment of deviation variation with polishing time 
for combined curvature & load control , starting a 2 = -20 x 10-e m·1 and a= 0.45 
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Figure 36. (Continued). 
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Initially the pressure profile is downward sloping because of the high curvature. As 
the curvature is lowered and the load also lowered the pressure profile is now 
upward sloping. As the curvature and load are further lowered, the pressure profiles 
are downward sloping. Following this, the pressure profiles once more slope 
upwards and towards stopping time because of very low a0 values the pressure 
profile is again downward sloping. The moment variations are shown in Figure 36(i). 
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Figure 37. Progression of wafer yield with CMP time under combined curvature & 
load control and initial curvature of -20 x 10-6 m·1 
Furthermore, it is imperative to consider the time progression of the wafer 
yield. The value of a is taken as 0.38 for the best CMP yield. Figure 37(a) and 37(b) 
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show all sectors are under-polished at 49 sec and 53 sec. In Figure 37(c) there are 
52 sectors come into the tolerance region around the central region while the rest of 
the region are still under-polished at 57 sec. Then the best CMP yield of 240 occurs 
at 61 sec where the sectors near the edge are over-polished at that time (as shown 
in Figure 37(d)). 
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CHAPTER 7. DISCUSSION AND CONCLUSION 
Within wafer non-uniformity (WIWNU) in material removal rate (MRR) is a 
critical parameter in determining the quality of a wafer planarized by a CMP process. 
This thesis presents a model-based visualization or predicting the WIWNU in MRR 
and the associated wafer yield for a CMP process. A solid-solid contact model is 
assumed. The pad is modeled as an elastic half space, indented by a rigid wafer. 
The model-based graphical simulations confirm that the edge effect is mainly 
caused by the configuration of the CMP setup and process parameters. The model 
based graphical simulation can be used as a CMP design tool. The depth of 
indentation (ao), the wafer curvature (a2), and the CMP time can be chosen to 
increase the wafer yield. 
7 .1. Discussion 
The control schemes and the resulting wafer yield are quite sensitive to the 
value of the parameter a chosen in the moment function (MOD). In load control, 
when the value of a is kept smaller, the best CMP yield occurs at a shorter time. 
This is because a higher down load is maintained for a longer time. This can be 
attributed to the fact that with higher a more weight is given to the lower moment that 
measures the curvature. This results in making ao changes more quickly to smaller 
loads and correspondingly the best wafer yield occurs at a delayed time. The wafer 
yield of 208 was obtained with all three choices of a and all three choices of initial 
wafer curvature. 
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In curvature control, the fixtured curvature follows different paths with the 
choice of a. When a is chosen as 0.3 or 0.45 the initial fixtured curvature is small 
and then increases later. With the smaller value of a the increase to a higher 
curvature occurs sooner. When a high value of a is chosen (0.6) the initial fixtured 
curvature is high and then it is lowered later. With the lower value of a (0.3,0.45) the 
actual wafer curvature initially increases and then decreases. However with the 
higher value of a (0.6) the real wafer curvature initially reduces and then tends to 
become +ve toward the CMP stopping time. When the initial wafer curvature was -15 
x 1 o-6 m·1 and -20 x 1 o-6 m·1 the wafer yield was high (224 and 240 respectively) with 
an appropriate choice of a. The yield was poor when initial wafer curvature was -10 
10-6 -1 x m. 
In combined curvature & load control, the load is continuously reduced from a 
high value to a low value. When the value of a is chosen to be low (0.3, 0.45) the 
fixtured curvature starts with a low value, increases rapidly and then gradually 
reduces. However, with a high value of a (0.6) the fixtured curvature is initially high 
and then is progressively reduced with some oscillations. When the initial wafer 
curvature was higher, the wafer yield was high. For the initial curvature of -10 x 1 o-6 
m·1 the best yield was 208, for the initial curvature of-15 x 10-5 m·1 the best yield 
was 224 and when the initial curvature was -20 x 1 o-6 m·1 the best yield was 240. 
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7 .1.1. Comparison of Control Strategies 
The control strategies are compared for their performance. Table I shows the 
application of the three control strategies on a wafer with a nominal oxide thickness 
of 8000 Angstroms. Without any control strategy the best yield is 208. For curvature 
of -10 x 10-5 m·1 load control did not improve the yield but the CMP processing time 
was reduced from 116 sec to 87 sec. For an initial curvature of-15 x 10-6 m·1 the 
yield was again not improved but the CMP processing time was reduced from 103 
sec to 85 sec. When the initial wafer curvature was -20 x 10-6 m·1 the yield was 
improved from 208 to 216 and the CMP processing time was reduced from 103 sec 
to 90 sec. 
With curvature control, the wafer yield is improved. When the initial wafer 
curvature is -10 x 10-6 m·1 the yield is improved to 216 from 208 and the polishing 
time is reduced from 116 sec to 108 sec. When the initial wafer curvature is -15 x 10-
6 m·1, the wafer yield is improved from 208 to 224 but the CMP time is increased 
from 103 sec to 106 sec. When the initial wafer curvature is -20 x 1 o-6 m·1 the wafer 
yield is increased from 208 to 240 but the polishing time is increased from 103 sec to 
106 sec. 
For combined curvature & load control the yield is improved and the 
processing time is reduced as well. When the initial curvature is -10 x 10-5 m·1 the 
yield is improved to 216 and the polishing time is reduced from 108 sec in curvature 
control to 63 sec. When the initial curvature is -15 x 10-6 m·1 the yield is improved to 
224 and the polishing time is reduced from 106 sec in curvature control to 66 sec. 
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When the initial curvature is -20 x 10-6 m·1 the yield obtained is 240 and the polishing 
time is only 61 sec. 
The use of control therefore increases the yield as well as reduces the 
polishing time. Use of load control alone improved the yield by only a small amount 
but reduced the polishing time. Use of curvature control improved the yield 
significantly but does not reduce the polishing time. Use of combined curvature & 
load control significantly improves the yield and reduces the polishing time as well. 
Table 1. Comparison of control strategies with wafer thickness of 8000 angstroms. 
Low Curvature Medium Curvature High Curvature 
Wafer Time Wafer Time Wafer Time 
Yield {sec) a Yield {sec) a Yield {sec) a 
Non Control 208 116 - 208 103 - 208 103 -
Load Control 208 87 0.08 208 85 0.09 216 90 0.46 
Curvature 216 108 0.26 224 106 0.27 240 106 0.34 Control 
Combined 
Curvature & 216 63 0.33 224 66 0.48 240 61 0.38 
Load Control 
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7.2. Conclusion 
Control strategies for yield improvement in CMP were investigated. Three 
control strategies namely load control, curvature control and combined curvature & 
load control were investigated. The model for material removal in CMP is assumed 
to follow the Preston equation. The contact pressure at the interface of the wafer and 
pad is developed based on the assumption that the wafer is rigid and the pad 
behaves as an elastic half-space. The control schemes are based on minimizing a 
moment function that incorporates the curvature of the oxide layer on the wafer as 
well as the final desired oxide layer thickness. At each step of the CMP process the 
moment is minimized. This represents a "greedy" optimization strategy. 
Using load control, the wafer yield is improved but only by a small 
percentage. The polishing time is also reduced. With curvature control significant 
yield improvement was noted. The polishing time was not reduced. With combined 
curvature & load control the yield was significantly improved and the polishing time 
was reduced as well. The control schemes can therefore significantly improve the 
productivity of wafer processing. The simulations developed in this thesis can also 
be used for accurately predicting the stopping time in CMP. 
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CHAPTER 8. FUTURE WORK 
Even when we know the required curvature for optimum wafer yield, the 
actual details of its experimental implementation still needs to be worked out. This 
will be the focus of our future work. How we can alter the curvature is still the 
question. We will investigate developing a fixturing device or spatially varying the 
load distribution to alter the curvature of the wafer. 
And since we know the most important factor about the polishing rate is the 
pressure distribution applied on the wafer surface. Not only we need to focus on the 
fast polishing rate, but also we need to concern about the max wafer yield. So we 
will create the FEM model in many conditions to calculate the pattern of the pressure 
distribution, polishing rate, and wafer yield. For these particularly interested in FEM 
model, a good reference is Sasaki (1998). 
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APPENDIX A. LEAST SQUARE CURVE FITTING OF DISCRETE POINT 
a0 is the vertical displacement of the wafer (depth of penetration). 
a2 is the wafer curvature caused by preexisting wafer bow. 
x; measures the radial distance from the center of the wafer. 
n is the number of the discrete points. 
n 
n 
:Lx2 
i=l i=l i=l 
n n 
[::J = inv n :Lx2 :Lt(xi) i=l i=l n n n 
:Lx2 :Lx4 :Lxi2f(xi) 
i=l i=l i=l 
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APPENDIX B. ADDITIONAL TABLES 
Table 81. Fraction of good sectors for varying indentation depth (ao) and CMP 
time (t) for a fixed curvature a2 = 0.045 m·1• 
ao (x 10-3 m) 
-1.00 -1.10 ·1.20 -1.30 -1.40 -1.50 -1.60 -1.70 -1.80 -1.90 -2.00 
25 0.000 0.000 0.033 0.100 0.133 0.133 0.133 0.200 0.217 0.250 0.217 
26 0.000 0.033 0.100 0.133 0.133 0.200 0.217 0.250 0.250 0.217 0.217 
27 0.000 0.100 0.133 0.200 0.217 0.283 0.283 0.217 0.250 0.250 0.283 
28 0.100 0.133 0.200 0.250 0.317 0.283 0.250 0.283 0.283 0.283 0.283 
29 0.133 0.200 0.283 0.317 0.350 0.283 0.317 0.350 0.367 0.367 0.367 
30 0.200 0.317 0.350 0.317 0.383 0.367 0.367 0.400 0.400 0.333 0.383 
- 31 0.283 0.383 0.450 0.400 0.400 0.400 0.467 0.433 0.417 0.383 0.383 u 
Q) 
fl) - 32 0.383 0.467 0.433 0.467 0.500 0.433 0.450 0.433 0.400 0.367 0.400 Q) 
E = 33 0.533 0.533 0.533 0.550 0.517 0.467 0.467 0.433 0.467 0.467 0.433 D.. 
:E 
34 0.650 0.650 0.650 0.567 0.533 0.467 0.500 0.467 0.433 0.483 0.483 u 
35 0.717 0.733 0.650 0.583 0.550 0.517 0.517 0.517 0.483 0.417 0.417 
36 0.800 0.733 0.667 0.633 0.567 0.533 0.467 0.450 0.450 0.450 0.417 
37 0.867 0.717 0.650 0.617 0.517 0.500 0.500 0.467 0.467 0.467 0.400 
38 0.750 0.650 0.583 0.500 0.467 0.467 0.400 0.367 0.367 0.367 0.367 
39 0.650 0.517 0.467 0.400 0.367 0.367 0.333 0.333 0.317 0.317 0.283 
40 0.517 0.467 0.367 0.333 0.317 0.283 0.283 0.250 0.250 0.217 0.217 
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Table 82. Fraction of good sectors for varying curvature (a2) and CMP time (t) 
for a fixed indentation depth a0 = -1.1 O x 10·3 m. 
a2 (m"1} 
0.005 0.009 0.013 0.017 0.021 0.025 0.029 0.033 0.037 0.041 0.045 
25 0.267 0.217 0.250 0.217 0.217 0.217 0.200 0.133 0.100 0.100 0.000 
26 0.217 0.283 0.283 0.250 0.250 0.217 0.217 0.200 0.133 0.100 0.033 
27 0.217 0.250 0.283 0.350 0.283 0.283 0.217 0.283 0.200 0.133 0.100 
28 0.283 0.283 0.250 0.283 0.367 0.283 0.283 0.283 0.283 0.200 0.133 
29 0.283 0.283 0.317 0.317 0.317 0.367 0.350 0.283 0.317 0.283 0.200 
30 0.300 0.300 0.317 0.317 0.383 0.317 0.400 0.367 0.317 0.350 0.317 
- 31 0.283 0.333 0.333 0.333 0.350 0.383 0.433 0.400 0.400 0.450 0.383 CJ 
Cl> 
Ill - 32 0.283 0.283 0.367 0.367 0.400 0.400 0.433 0.433 0.500 0.433 0.467 Cl> 
E :;:::: 33 0.333 0.333 0.317 0.333 0.400 0.433 0.433 0.467 0.550 0.533 0.533 £L 
:::E 34 0.267 0.333 0.333 0.367 CJ 0.383 0.483 0.467 0.467 0.567 0.650 0.650 
35 0.300 0.300 0.333 0.400 0.400 0.417 0.517 0.517 0.550 0.650 0.733 
36 0.300 0.317 0.350 0.350 0.417 0.450 0.450 0.533 0.600 0.667 0.733 
37 0.283 0.283 0.317 0.333 0.367 0.400 0.467 0.500 0.583 0.650 0.717 
38 0.217 0.250 0.283 0.283 0.333 0.367 0.367 0.467 0.500 0.583 0.650 
39 0.183 0.217 0.217 0.250 0.250 0.283 0.333 0.367 0.400 0.467 0.517 
40 0.133 0.133 0.183 0.217 0.217 0.217 0.250 0.283 0.333 0.367 0.467 
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Table 83. Revenue at the wafer's edge (Witt and Cook, 2000). 
Revenue at the wafer's edge 
Wafer diameter Total wafer die Edge die count Edge die Max. edge count percentage revenue($B) 
300mm 515 107 21% 2.76 
200mm 217 69 32% 1.78 
150mm 115 48 42% 1.24 
127mm 71 38 53% 1.00 
100mm 43 26 60% 0.68 
76mm 21 16 76% 0.43 
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